Our aim was to create a mathematical basis to calculate the risks for unintended matings of consanguineous half-siblings from a donor in a society with approximately 10 million inhabitants. The Curie-Cohen model for calculation of the risk for consanguineous mating was used. When the number of offspring per donor is limited to ten, then the model gives a yearly risk for consanguineous matings below 1%. Thus 10 offspring gives a risk for consanguineous matings of 0.9% per year or approximately once in every 100 years. The risk increases exponentially: ith 15 offspring it exceeds 2% and with 25 it reaches up above 5%.
Introduction
In 2002 and 2006 the Swedish National Board of Health and Welfare issued recommendations on assisted reproduction (1, 2) stating that "Eggs or sperm from a donor should not be used to result in the birth of more than six children by assisted reproduction." No documentation was available supporting this recommendation and when a new framework of guidelines was created to be in accordance with the EU-tissue directive, this recommendation was omitted (3) . Following this, the seven clinics performing assisted reproduction with donated gametes were free to set the limits themselves. The Swedish national tissue group for gametes (VOG Könsceller) therefore temporarily advised that eggs and sperm from a single donor to be used to create children and siblings in six ART treated families.
In Sweden, the donor has no legal responsibilities towards the child, neither emotionally, financially or legally. Although gaining information about the identity of the recipients is not prohibited, the donors have no mandated legal right to know the identity of the couple receiving the donated gametes or of the child(ren) conceived by donated gametes.
However, in 1985 Sweden became the first country to pass a law stating that offspring resulting from donation have the legal right to receive identifying information about the donor when the child reach maturity (2, 4).
Subsequently, there has been considerable interest in other countries in what has happened in Sweden after the law had been implemented. Will the recipient couples inform their children, for example, and, if so, will the children take the opportunity to access information about their genetic origin and trace the donor and even contact the donor once the child has reached the age of maturity? Without doubt, this will have a special impact on the donor and possibly on other people close to the donor when that time comes. Thus, placing a limit on the number of offspring per donor will have ethical, psychological and medical consequences and an impact on the receiving couples, the man and the woman, women in a lesbian couple or single women, on the offspring, the siblings, and the donor and were the donor is identified, the donor's own children and family.
Recommendations on limits of offspring per gamete donor have in most countries been set arbitrarily, but there is now a movement to provide a rationale for setting a number. In the European Union (EU) countries the number of children per donor ranges between 5-25 offspring. The focus on sperm donors has been understandable since it has been rather easy to freeze and process millions of spermatozoa in bio-banks. Future technical developments in freezing oocytes might lead to a new debate on oocyte donors and their number of offspring, involving the same ethical and social dimensions as for the sperm donors, although the number of oocytes available from an individual donor is limited compared to the number of male gametes.
In order to have donors in the future who are motivated to donate and who will continue to have altruistic motives, it is necessary to establish and discuss an acceptable and safe limit of offspring per donor for all parties involved in the gamete donation process. One step to initiate this discussion is to calculate the risk for siblings having intercourse with siblings without knowing they were siblings and thereby cover the aspect of risk for consanguinity.
Thus, the aim of this study was to adopt a mathematical model to find out how increasing numbers offspring per donor increases the risk in the Swedish society for unintended matings of consanguineous half-siblings from a donor.
Method
Several methods have been presented in the literature intended to provide a basis for setting sperm donor limits for infertility treatment to avoid consanguinity. Curie-Cohen presented a model in the 1980s that was based on considerations on consanguineous half-siblings from a donor mating and assuming that donors were anonymous (5). De Boer et al developed and used a model based on the Curie-Cohen model using a coefficient of inbreeding greater than 1/16, assuming that the donor would be anonymous (6) . Both methods used a mathematical model to link the risk of consanguineous mating to the number of offspring conceived using gametes from a single gamete donor. For this study we have used the model developed by Curie-Cohen since it was identified as the model that could most easily be implemented for Swedish data. For details regarding the implementation in Sweden, see Appendix A.
Results
The six studied regions in Sweden will be referred to as North (about 0.9 million individuals, Middle (about 1.9 million individuals), Stockholm (about 2 million individuals), West (about 1.7 million individuals), Southeast (about 1.0 million individuals), and South (about 1.7 million individuals) (Appendix A). Figure 1 shows the relation between the expected number of consanguineous matings/year and the maximum number of offspring allowed per gamete donor, for different choices of the parameters involved in the calculation (Appendix A) The curve with dots represents the model with original settings, i.e. with values of parameters as initially observed estimated from Swedish data. To deem upon the sensitivity of the risk to these settings we have also altered the parameter values according to the discussion in Appendix A.
When the Swedish observations and estimates were put into the model we found a risk for consanguineous mating of 0.9% per year, corresponding to less than one consanguineous mating every 111 years, if each donor generated 10 children (Table 1 and Figure 1 ( dots) ). With 25 offspring the risk for consanguineous mating increased to above 5% per year. To explore the reliability of these results we changed two of the major input variables (Appendix A), which resulted in minor variations and changes of 0.4 -0.7 percentage points in the risk for consanguineous mating when the number of offspring was 10 per donor. In this calculation the following applies: 1) d which is a combined expression relating how age differences affect couple formation and the observed age difference between half-siblings in Sweden (Southeast region). Increasing d to 0.02 increased the risk from 0.9 to 1.4% per year. i.e. from one in 111 years to one in 70 years. 3) Q/A Q is an expression for the Swedish proportion of couples in a region where both come from the same region and A is the total number of births in the region. Initially, in the original setting (Figure 1, dots) we used values of Q and A observed from the South-East region and applied these to the other regions by an up-or downscaling proportional to the size of each region, implying an increase in Q due to a larger region. However, the value of A was not affected by this scaling, which may be debated. In the curve with circles, we used the same Q/A originally calculated for the Southeast region for all regions resulting in a slightly lowered risk of approximately 0.5% for consanguineous matings.
Discussion
In this mathematical calculation of the optimal number of offspring/donor in a Swedish setting we found that if we limited the number of donor offspring to 10, we have a risk for consanguineous matings of 0.9% per year or only once every 100 years. The rarity of such an event might be low enough to meet with general acceptance for the donor, the recipient couple, the children and for society in general. At this level of risk the sensitivity to the parameter settings is negligible. With 15 offspring the risk passes 2% and with 25 offspring it passes 5%. The recommendation used earlier from the Swedish National Board of Health and Welfare which stated "Eggs or sperm from a donor should not be used to result in pregnancies leading to the birth of more than six children" can now be supported and verified by these new results and is still relevant and acceptable if the donors' present biological children as well as children to-be and siblings within the recipient couples are included (1-3).
There are arguments that no limit is needed since the risk for accidental half-sibling unions may become zero in all countries where the identity of the donors is open (7). The overall published understanding is not convincing since between 39-83% of semen donor parents intend to, or actually do, tell their offspring that they were conceived by donated gametes (8) (9) (10) (11) (12) (13) . However, intending to inform ones offspring should be distinguished from actually telling them and one can suspect that the former leads to higher numbers than the latter (10). Lalos et al showed that 61% of parents in a Swedish cohort told their child about the donation, but less than two-thirds had not informed the child about the opportunity to have identification information about the donor (14) . A known donation does not imply that the offspring will know his/her half-siblings in order to prevent consanguineous matings.
In a large semen bank in the Netherlands, with a system providing an option between anonymous and identifiable donorship, a quite significant proportion of parents (37%) opted for anonymous donors and the reasons for that was commonly because of worries that traceable donors might interfere with their family life (11).
The predicament that some individuals will have to face in having as many as 50 halfsiblings, which could occur where there is no limitation on the number of offspring per donor, might involve future ethical, medical and psychological issues. Clinics recruiting donors without looking carefully into the medical and psychological history of the donor may be setting the stage for creating a serious dilemma for society and future patients regarding levels of trust in the providers of these kinds of treatments.
One can debate how much knowledge a young person around 20 years of age has about inherited family diseases or genetic diseases with late onset, since the young person's parents and siblings may be too young to have yet developed such disease states. For the donor there are different aspects concerning the plausible and acceptable number of offspring. In a recent follow-up study the majority of both sperm and oocyte donors who all had donated 5-8 years ago consider 1-10 offspring acceptable (15) .
Although the EU demands only altruistic donation, there could be individual economic reasons to donate numerous times. However, the most commonly stated ground among gamete donors is "to help others". For donors exposed in the media as carriers of a disease that has a high probability to be heritable, the psychological and moral ethical dilemmas might become a major problem and even a personal tragedy. Recently a group of European authors aimed at a holistic approach on the maximal offspring number per donor, considering perspectives of genetics, psychosocial, ethics, donor availability, and legal issues (16) .
Swedish gamete donors are all traceable and records are kept at university clinics, since treatments with donated eggs and sperm can only be done there. These donors have recently been evaluated with regard to demographic and personality traits, and the mean sperm donor's age was 33.8 ± 7.8 years and one-third of the donors had biological children of their own. They perceived themselves as autonomous with a capacity to take responsibility, to behave in a goal directed manner, to be resourceful and self-acceptant and to behave in a manner guided by meaningful values and goals (17) . For egg donors the mean age was 30.3 ± 4.5 years and the majority (65%) had biological children of their own. Egg donors considered themselves to have a mature and stable character (18) . For the majority of donors, the reasons for donating were altruistic (95%). A greater percentage of egg than sperm donors had a personal experience of biological children, which motivated them to donate (65 vs. 32%). The men donating sperm also believed that they were contributing what they regarded as their own good genes to other couples (45%), whereas 20% of the egg donors felt they were contributing "good" genes (19) .
From a human perspective people should be free to choose the way they will pursue their reproductive interests, when to perform it and with whom. The risk for consanguineous matings would be lowest if gametes were distributed worldwide in a random fashion, but clinics order gametes from their distributors and serve people mostly living in a restricted geographical area like the Swedish six regions with 1-2 million habitants. Thus, the results from this study would hold also for international actors.
For a society with a population of 10 million inhabitants and with widely held Swedish attitudes concerning reproduction, donor recruitment and mobility within the country, a limit of 10 offspring/donor gives a risk for consanguineous matings of 0.9 % per year or once every 100 years. The risk value of 0.9 % appears low enough to meet general acceptance, i.e. for the donor, the recipient couple or individuals, for the children and the donor to be, as well as for society in general. 
